Summary
The effect of a nucleator based on potassium salt of 1,2-cyclohexane-dicarboxylic acid on the thermophysical and physicomechanical properties of polypropylene 
IntroductIon
At present, a great deal of attention is being paid to the production of special grades of high-impact polypropylene for the chemical and motor industries, and in particular for the plastic container and packaging industry. High values of the physicomechanical properties, such as Young's modulus in bend and tensile strength, make it possible to produce articles possessing excellent cracking resistance. One of the methods for improving the physicomechanical properties of polyolefins is to modify them with different nucleators. The physical and chemical nature of the nucleating agents can be fairly varied. Typical nucleating agents are organic substances (sodium benzoate, potassium benzoate, pigments, sodium phosphate derivatives, sorbitol-based nucleators) and inorganic substances (talc, calcium carbonate, quartz, kaolin) [1] . The latter are not noted for a high nucleating capacity, but for economic reasons inorganic additives are often used to increase the strength and rigidity of polypropylene. Most widely used in the polyolefin industry have been organic-type nucleators, in particular sodium salt of benzoic acid, which enables the physicomechanical properties to be improved [2] . High-performance organic nucleators such as dibenzylidenesorbitol derivatives, compounds containing amide groups, and so on, have recently become available on the market [3] [4] [5] .
The present work is devoted to an investigation of the modification of polypropylene with a nucleator based on potassium salt of 1,2-cyclohexanedicarboxylic acid. The trade name of the Milliken Chemical product is Hypeform HPN-20E.
rESuLtS and dIScuSSIon
The initial polypropylene specimens were synthesised in the presence of a titanium-magnesium catalytic system. Polymerisation of propylene was conducted in liquid monomer an autoclave-type automatic unit (reactor volume 5 dm 3 ). The polymerisation temperature of propylene was 70°C, and the pressure of the reaction system was 3.0 MPa. Hydrogen was used to produce polypropylene with a specified melt flow index (MFI). The degree of isotacticity of the polypropylene amounted to 96.5 wt%. Before use, the polymer was charged with a mixture of phenolic antioxidant and a phosphite heat stabiliser, and also with antacid calcium stearate to neutralise secondary reactions. Then, the nucleator Hyperform HPN-20E was introduced in different quantities into the obtained initial specimen, followed by mixing on a Thermo Scientific laboratory double-screw extruder. The extrusion conditions were as follows: melt temperatures in the different zones from hopper to extruder head 205-205-205-205-210-210-215-215-220-220°C; screw rotational speed 150 r/min.
The MFI of the polymer was determined on a Ray-Ran extrusion plastometer in accordance with ASTM 1238 at a temperature of 230°C and a constant load of 2.16 kg. The thermophysical characteristics were investigated by differential scanning calorimetry according to the ASTM E 794 procedure [6] on a Netzsch-DSC-204F1-Phoenix instrument in an argon atmosphere. The Izod impact strength was determined according to ASTM D 256. Young's modulus in bend was determined according to ASTM D 790, and the yield point in elongation and yield-point elongation according to ASTM D 638.
Variation of the content of calcium 1,2-cyclohexane dicarbonate in the polymer in the range 0-0.1 wt% did not result in any change in the MFI; for all polypropylene specimens the MFI was 24 g/10 min. Figures 1 to 4 give the results of testing polypropylene specimens containing calcium salt of 1,2-cyclohexanedicarboxylic acid. Increase in the dosage of the nucleator leads to an increase in Young's modulus in bend and tensile strength (Figures 1 and 2) . Increase in the nucleator content from 0 to 0.05 wt% in the polypropylene causes a monotonic increase in Young's modulus and yield point from 1520 to 1830 MPa. With further increase in the dosage of modifying additive, Young's modulus increases negligibly to 1850-1870 MPa. A similar change is observed for the yield point in elongation: with increase in nucleator content in the polypropylene, this index increases monotonically from 35 to 38 MPa and plateaus out. On the other hand, the Izod impact strength (at 23°C) and the yield-point elongation for specimens charged with nucleator Hyperform HPN-20E decrease negligibly (Figures 3 and 4) . For example, whereas in the control polypropylene specimen the values of the impact strength and elongation were 36 J/m and 10%, with a content of nucleating agent in the polypropylene of 0.050 wt% their values were 33 J/m and 8% respectively.
Investigation of the thermophysical characteristics of polypropylene by differential scanning calorimetry made it possible to establish that, with increase in the content of nucleator Hyperform HPN-20E, there are changes in the parameters of the crystallisation process, which manifest themselves in an increased temperature of crystallisation from the polymer melt (Table 1) and also in higher values of the degree of crystallinity. Thus, whereas in the control specimen the value of X c was 39.5%, when the nucleating agent was introduced in a quantity of 0.050 wt% the value of X c was 47.1%. It is known [7] that, crystallising from the melt, polypropylene forms morphological structures of the spherulite type. Any changes in morphology of polypropylene lead to a change in the position of the temperature transitions (melting, crystallisation). It is quite evident that the melting temperature hardly changes with increase in the content of the nucleating agent. This is due to the fact that the given additive, leading to an increase in crystallisation nuclei, has no effect on the microstructure (T m at the same level) and changes only the supermolecular structure of the polypropylene. This is confirmed by the fact that on the DSC thermograms there is only one phase transition of melting. Note that, simultaneously with increase in the degree of crystallinity, ordering of the supermolecular structures of the polypropylene occurs, which manifests itself on the DSC curves in an increased heat effect of melting with a constant melting range (Figures 5a and b) .
Thus, it becomes evident that the mechanism of the modifying effect of salts of organic acids consists in an increase in the degree of crystallinity and in the formation of a microspherulitic supermolecular structure in articles. Here, the temperature transitions (melting, crystallisation), which are determined by the motion of individual elements and the supermolecular structure, make it possible to establish and analyse the structure of the polymers.
Change in the supermolecular structure of polypropylene specimens under the influence of artificial structure-formation nuclei manifests itself in changes in strength, hardness, rigidity, and other properties of the polymer [8] . This was also confirmed by the results obtained in the present work. Specimens of homopolymer modified with the nucleator, with an increased degree of crystallinity, are characterised by improved strength properties.
From the processing viewpoint of nucleated polypropylene and producing articles from it, two positive effects can be singled out: increase in the crystallisation temperature and X c , ensuring more rapid solidification of the melt, which makes it possible to shorten the injection moulding cycle, with all the commercial advantages gained from that, and reduction in the average size of the spherulites, leading to an improvement in the physicomechanical properties and in a number of cases in the optical properties of the polymer [9] . HPN-20E , the results of which were confirmed by laboratory investigations. The Young's modulus and yield point in elongation for industrial polypropylene specimens charged with the nucleating agent Hyperform HPN-20E increased by 20 and 10% respectively. A 3-5% reduction in the Izod impact strength at 23°C was noted, but at subzero temperatures (−20 and -40°C), on the other hand, a tendency was observed towards an increase in this index by 5-10% by comparison with control batches containing no nucleator.
Thus, the modification of homopolypropylene with calcium salt of 1,2-cyclohexanedicarboxylic acid leads to an increase in the degree of crystallinity and in the crystallisation of the polypropylene. Change in the thermophysical characteristics of polypropylene with increase in the nucleator content is accompanied with an improvement in the Young's modulus in bend and in the yield point in elongation, while the Izod impact strength at 23°C and the yield-point elongation decrease slightly. High values of the Young's modulus and yield point for homopolypropylene with an MFI of 24 g/10 min are achieved at nucleator concentrations of 0.05 wt%.
rEFErEncES
